Introduction: Monoaminergic pathways, impinging an ␣2-adrenoceptors and 5-HT3 serotonin receptors, modulate nociceptive transmission, but their mechanisms and interactions after neuropathic injury are unknown. Here we examine these interactions in rodents after nerve injury. Methods: Male Sprague-Dawley rats following L5-L6 spinal nerve ligation (SNL) were used for either behavioral testing, in vivo microdialysis for ␥-aminobutyric acid (GABA) and acetylcholine release, or synaptosome preparation for GABA release. Results: Intrathecal administration of the ␣2-adrenoceptor agonist (clonidine) and 5-HT3 receptor agonist (chlorophenylbiguanide) reduced hypersensitivity in SNL rats via GABA receptor-mediated mechanisms. Clonidine increased GABA and acetylcholine release in vivo in the spinal cord of SNL rats but not in normal rats. Clonidine-induced spinal GABA release in SNL rats was blocked by ␣2-adrenergic and nicotinic cholinergic antagonists. The 5-HT3 receptor antagonist ondansetron decreased and chlorophenylbiguanide increased spinal GABA release in both normal and SNL rats.
N EARLY 50 yr ago, Melzack and Wall proposed a theory of pain transmission wherein activity of touchsensitive afferents could inhibit transmission by nociceptive afferents at the spinal level. 1 They further speculated that this gate control was powerfully regulated by pathways descending from higher centers. In the 1970s, two monoamine pathways, one releasing noradrenaline and another releasing serotonin, were identified as inhibitory of nociceptive neurotransmission. 2 The purpose of this study was to address key gaps in our understanding about the role of these pathways after neuropathic injury and their mechanisms of ac-tion. We focused on their regulation of ␥-aminobutyric acid (GABA), a key inhibitory neurotransmitter of projecting neurons in the spinal cord.
Noradrenaline is released by bulbospinal noradrenergic axons originating from the locus coeruleus and adjacent nuclei in the brainstem, 3, 4 and suppresses pain transmission via inhibitory ␣2-adrenoceptors on sensory terminals and projecting neurons, and via excitatory ␣1-adrenoceptors on GABA interneurons. 2 Although noradrenergic inhibition exists in the normal state, peripheral nerve injury induces drastic changes in anatomy and function of this pathway. Peripheral nerve injury results in an increase in noradrenergic axon density in the spinal cord and induces more noradrenaline release when this pathway is stimulated. 5, 6 In synaptosomes prepared from the lumbar dorsal horn, activation of ␣2adrenoceptors, which inhibits acetylcholine release in the normal state, facilitates acetylcholine release after peripheral nerve injury via G protein-mediated mechanisms. 7, 8 This facilitation of spinal acetylcholine release after nerve injury is critical for analgesia from intrathecal injection of ␣2-adrenoceptor agonists such as clonidine. 9, 10 In the normal state, stimulation of nicotinic and muscarinic receptors on GABA neurons increases GABA release to inhibit pain transmission in the spinal cord. [11] [12] [13] [14] [15] [16] [17] In the neuropathic pain state, however, the roles of ␣2-adrenergic and cholinergic receptors on spinal GABA release are not known. We hypothesized that ␣2-adrenoceptor-mediated analgesia after nerve injury depends on cholinergic mediated GABA release.
Spinal serotonin is released from descending serotonergic axons that originate from the rostral ventral medulla, 18 and has both inhibitory or facilitatory effects on pain transmission in the spinal cord. 2 Spinal administration of the 5-hydroxytryptophan-3 (5-HT3) receptor antagonist ondansetron inhibits pain-related behaviors and activity of spinal neurons in rats following peripheral formalin injection, 19, 20 suggesting a facilitatory role of endogenous serotonin in spinal pain transmission via 5-HT3 receptors. After nerve injury, however, the role of 5-HT3 receptors is less clear, because the antagonist ondansetron has inconsistent effects 21, 22 and the 5-HT3 receptor selective agonist chlorophenylbiguanide (m-CPBG) reduced hypersensitivity. 23 The behavioral effect of m-CPBG after nerve injury is blocked by GABA antagonists, 23 and 5-HT3 agonists induce presynaptic GABA release in normal rats, 24, 25 suggesting a role for GABA in its action. We hypothesized that m-CPBG would increase and ondansetron would decrease spinal GABA release in both normal and spinal nerve ligation (SNL) rats. Finally, because intrathecal clonidine produces analgesia in patients with neuropathic pain and because some studies suggest that ondansetron should also be analgesic, we examine the behavioral effects of this combination. Surprisingly, we observed antagonism of clonidine's effect by ondansetron, and tested whether this could be explained by opposing actions on GABA release.
Materials and Methods

Animals and Surgeries
Male Sprague-Dawley rats (weighing 180 -250 g) from Harlan Industries (Indianapolis, IN) and Japan SLC Inc. (Hamamatsu, Japan), housed under a 12-h light-dark cycle with food and water ad libitum, were used. All experiments were approved by Animal Care and Use Committee at Wake Forest University (Winston Salem, NC) and Gunma University (Maebashi, Japan). Microdialysis study for acetylcholine release was performed at Gunma University and other experiments were performed at Wake Forest university.
L5-L6 spinal nerve ligation was performed as previously described. 26 Briefly, animals were anesthetized with 2% isoflurane in oxygen and the right L5 and L6 spinal nerves were tightly ligated with 5-0 silk sutures. One week after SNL, intrathecal catheterization was performed as previously described. 27 Briefly, animals were anesthetized with 2 or 3% isoflurane. A small puncture was made in the atlantooccipital membrane of the cisterna magnum and a polyethylene catheter (ReCathCO LLC, Allison Park, PA), 7.5 cm, was inserted. After surgery, animals were allowed to recover for a week.
Behavioral Tests
In SNL animals, paw withdrawal threshold in response to light touch with calibrated von Frey filaments (Stoelting, Wood Dale, IL) was determined using an up-down statistical method. 28 Filaments were applied to the bending point for 5 s, and a brisk paw withdrawal was considered a positive response.
In normal animals, withdrawal threshold to pressure applied to the hind paw, expressed in grams, was measured using an analgesimeter (Ugo Basile, Comerio, Italy), as previously described. 29 The device applies increasing pressure to the hind paw. When the animal withdrew the paw or vocalized, the pressure was immediately released and the withdrawal threshold read on a scale. Training of animals for this test was performed for 3-5 days before the drug treatment. A cutoff of 250 g was used to avoid potential tissue injury. Withdrawal threshold was measured two times in the right and left hind paws, and these values were averaged for each animal.
On the day of the experiment, animals received an intrathecal injection of test drug at a volume of 10 l followed by 10 l saline. We used these normal and SNL animals two or three times on different days. Experiments in the same animals were separated by at least 5 days. Drugs and their doses were randomly assigned. The person performing the behavioral test was blinded to drug and treatment.
Microdialysis
GABA Study. Animals were anesthetized with 2% isoflurane and then maintained with 1.25 to 1.5% isoflurane during the study. A heating blanket was used to maintain rectal temper-ature (36.5 Ϯ 0.5°C) and the right jugular vein was cannulated for saline infusion (1.2 ml ⅐ kg Ϫ1 ⅐ h Ϫ1 ). The L3-L6 level of spinal cord was exposed by the T13-L1 laminectomy. A microdialysis probe (OD ϭ 0.22 mm, ID ϭ 0.20 mm, length ϭ 1 mm; CX-I-8 -01; EICOM, Kyoto, Japan) was inserted from just lateral to the right dorsal root 1 h before the study and perfused with Ringer's solution. Fractions were collected every 30 min for 2.5 h, starting 1 h before drug treatment, and samples were kept at Ϫ80°C until assay for GABA. GABA content in the microdialysates was measured by a high-pressure liquid chromatography system with electrochemical detection (HTEC-500, EICOM). GABA in samples were derivatized with 2-mercaptoethanol and -phthaldialdehyde (4 mM) in 0.1 M carbonate buffer (pH ϭ 9.5). The -phthaldialdehyde derivatives were then separated on the column (3.0 mm ϫ 150 mm, SC-5ODS, EICOM) at 30°C, using a mobile phase consisting of 50 mM phosphate buffer (pH ϭ 2.8) and methanol (1:1 vol/vol) containing 5 mg/ml EDTA-2Na at a flow rate of 0.5 ml/min. The limit of detection of GABA assay in the current study was 1.5 pg per injection (15 l) and the interassay coefficient of variation at 100 pg per injection was 7.2%. Acetylcholine Study. Anesthesia was induced with urethane (1.2 to 1.5 g/kg, intraperitoneal) and then maintained with 0.5% isoflurane. The left femoral vein was cannulated for saline infusion, rectal temperature was maintained at 36.5 Ϯ 0.5°C, and the L3-L6 level of spinal cord was exposed. A microdialysis probe (OD ϭ 0.22 mm, ID ϭ 0.20 mm, length ϭ 2 mm; AI8-02; EICOM) was inserted from just lateral to the dorsal root and advanced at a 30°angle to a depth of 2 mm and perfused with Ringer's solution (1.0 l/min). After 120 min of constant perfusion, fractions were collected into a sample-injector (EAS-20; EICOM) connected with HTEC-500 analyzing system every 30 min for 2.5 h, starting 1 h before drug treatment. The sample was then separated on the column (2.0 mm ϫ 150 mm; EICOMPAC AC-GEL; EICOM) at 33°C, using a mobile phase consisted of 50 mM carbonate buffer containing 300 mg/l sodium decane-1-sulfonate (pH ϭ 8.5) and 50 mg/l EDTA-2Na at a flow rate of 0.15 ml/min. The limit of detection of acetylcholine assay in the current study was 10 fg per injection (30 l) and the interassay coefficient of variation at 30 pg per injection was 8.2%.
GABA Release from Synaptosomes
Crude synaptosomes from the lumbar spinal dorsal horn ipsilateral to SNL surgery were prepared, as previously described. 7 Under deep anesthesia with 5% isoflurane, animals were killed by decapitation and the spinal lumbar enlargement was quickly removed and placed in ice-cold sucrose (0.32 M)-HEPES (10 mM) buffer, pH ϭ 7.4. Each synaptosome preparation contained unilateral dorsal quadrants of spinal cord from three SNL rats. The initial homogenate was centrifuged at 1,000 x G for 3 min and the resulting supernatant was centrifuged again at 10,000 x G for 13 min. The supernatant was discarded and the pellet was resuspended in Krebs buffer (in mM: NaCl 124, KCl 3, MgSO 4 2, CaCl 2 2, NaH 2 PO 4 1.25, NaHCO 3 25, and glucose 10, saturated with 95% O 2 /5% CO 2 , pH ϭ 7.4). [ 3 H]-GABA release from synaptosomes was measured as previously described, 30 with minor modifications. After incubation with [ 3 H]-GABA and unlabeled GABA (final concentration of 0.25 Ci/ml and 1 M, respectively) for 20 min at 37°C, the synaptosome-containing solution was centrifuged at 10,000 x G for 5 min and the pellet was resuspended in Krebs buffer. Each synaptosome preparation was divided into six equal aliquots and transferred to Whatman filters in individual temperature controlled perfusion chambers (SF-12; Brandel, Gaithersburg, MD). Synaptosomes were perfused with Krebs buffer (0.8 ml/min) for 25 min to remove free radioactivity, and then fractions were collected every 5 min for 20 min. After a 10 min baseline collection, synaptosomes were stimulated with 12 mM KCl-Krebs buffer (in mM: NaCl 115, KCl 12, MgSO 4 2, CaCl 2 2, NaH 2 PO 4 1.25, NaHCO 3 25, and glucose 10, pH ϭ 7.4) containing test drug for 3 min. In a separate experiment, synaptosomes were perfused with ondansetron for 2 min and then stimulated with 12 mM KCl-Krebs buffer containing nicotine with ondansetron for 3 min. The inhibitor of GABA transporters 1,2,5,6-tetra-
Bioscience, Ellisville, MO) was present during perfusion to inhibit reuptake of GABA. 30 Amount of radioactivity of each fraction was measured by a liquid scintillation spectrometry (LS6500; Beckman Coulter Inc., Fullerton, CA).
Test Drugs
Clonidine hydrochloride, ondansetron hydrochloride, dolasetron mesylate, bicuculline methiodide, atropine sulfate, mecamylamine hydrochloride, idazoxan hydrochloride, (Ϫ)-nicotine, epibatidine dihydrochloride, and muscarine chloride were obtained from Sigma-Aldrich (St. Louis, MO). Dexmedetomidine hydrochloride, 3-Aminopropyl-diethoxymethyl phosphinic acid hydrate (CGP 35348), and 1-(3-Chlorophenyl)-biguanide hydrochloride (mCPBG) were obtained from Tocris Bioscience. Each drug was dissolved in saline, Ringer's solution, or Krebs buffer. A higher concentration of ondansetron was used in microdialysis than in synaptosome experiments, because of barriers of drug diffusion in the former.
Statistical Analysis
Unless otherwise stated, data are presented as mean Ϯ SE. Behavioral and microdialysis data were analyzed using oneway or two-way repeated measures ANOVA followed by Tukey post hoc test. Synaptosome data were analyzed by oneway ANOVA followed by Dunnet post hoc test. P Ͻ 0.05 was considered significant.
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Results
Spinal GABA Contributes to ␣-2 Adrenoceptor-mediated Antihypersensitivity SNL strongly reduced the withdrawal threshold in the paw ipsilateral to surgery from 16.7 Ϯ 4.3 g to 1.8 Ϯ 1.0 g (mean Ϯ SD, n ϭ 165, P Ͻ 0.0001) at 2 weeks after surgery. Intrathecal injection of clonidine (15 g/rat) increased withdrawal threshold in the paw ipsilateral to SNL compared with saline in a time-dependent manner ( fig. 1A , P Ͻ 0.05). This clonidine effect was significantly reduced by the GABA A receptor antagonist bicuculline (0.25 g/rat) but not by the GABA B antagonist CGP 35348 (15 g/rat) at 60 min after injection. Neither GABA antagonist alone affected withdrawal threshold in SNL rats. The doses of bicuculline and CGP35348 were determined from a previous study. 23 Consistent with previous observations in rats after peripheral nerve or spinal cord injury, 31-33 baseline concentrations of GABA in microdialysates from the spinal dorsal horn were significantly less from SNL rats (36.8 Ϯ 3.3 pg/30 l, n ϭ 89) compared with normal rats (76.8 Ϯ 9.7 pg/30 l, n ϭ 38, P Ͻ 0.001). Clonidine did not affect GABA concentrations in microdialysates from the spinal dorsal horn in normal rats but increased them in SNL rats ( fig. 1B ). This clonidine-induced GABA release in SNL rats peaked at 100 M clonidine in the perfusate and decreased at 300 M clonidine. At 100 M clonidine, the GABA concentrations in the dialysates from the SNL spinal cord increased within 30 min, peaked at 60 min, and decreased at 90 min. Based on this result, we selected 100 M clonidine for the following experiments. Neither ␣2-adrenoceptor antagonist idazoxan (300 M), muscarinic antagonist atropine (100 M), nor nicotinic antagonist mecamylamine (100 M), affected GABA concentrations in microdialysates from the spinal dorsal horn of SNL rats ( fig.  2A ). Coperfusion of mecamylamine or idazoxan with clonidine significantly reduced clonidine-induced GABA release at 60 -90 min in the spinal dorsal horn of SNL rats (P Ͻ 0.05). On the other hand, atropine significantly enhanced clonidine-induced GABA release at 60 -90 min in the spinal dorsal horn of SNL rats (P Ͻ 0.05).
The roles of cholinergic and ␣2-adrenergic receptors on presynaptic GABA release were examined in synaptosomes prepared from the lumbar spinal dorsal horn of SNL rats. Basal or 12 mM KCl-evoked GABA release in the synaptosomes from SNL rats was increased by the nicotinic agonists, epibatidine and nicotine, but decreased by muscarine in a concentration-dependent manner ( fig. 2B) . In contrast to the microdialysis results from spinal cord in vivo with intact circuits, stimulation of ␣2-adrenoceptors in isolated GABA terminals by the highly selective agonist dexmedetomidine (10 nM) significantly reduced basal and KCl-evoked GABA release in SNL rats.
Baseline concentrations of acetylcholine in microdialysates from the spinal dorsal horn did not differ between normal (4.7 Ϯ 0.7 pg/30 l, n ϭ 13) and SNL (4.5 Ϯ 0.71 pg/30 l, n ϭ 13) rats. Similar to the GABA microdialysis results, clonidine increased spinal acetylcholine release in SNL rats but not in normal rats (fig. 3 ). The acetylcholine concentrations in the dialysates from the SNL spinal cord increased within 30 min, peaked at 60 min, and decreased at 90 min during clonidine perfusion.
Spinal GABA Contributes to 5-HT3 Receptor-mediated Antihypersensitivity
As previously reported, 23 intrathecal injection of mCPBG (15 g/rat) in SNL rats produced an antihypersensitivity effect that was blocked by bicuculline and CGP 35348 ( fig. 4A ).
We then examined effects of blockade or stimulation of 5-HT3 receptors on spinal GABA release in normal and SNL rats. Ondansetron (100 M) reduced but mCPBG (100 M) increased GABA concentrations in microdialysates from the spinal dorsal horn in both normal and SNL rats in timedependent manners ( fig. 4B ). Role of Spinal GABA on ␣2AR/5-HT3R Analgesia
Blockade of 5-HT3 Receptors Reduces Clonidineinduced GABA Release and Antihypersensitivity in SNL Rats
In SNL rats, an intrathecal injection of ondansetron (10 g/rat) alone slightly but significantly increased withdrawal threshold in the paw ipsilateral to surgery compared with saline ( fig. 5A , P Ͻ 0.05). The antihypersensitivity effect of intrathecal clonidine (15 g/rat) was partially reduced by ondansetron (0.3-30 g/rat) in a dose-dependent manner. Another selective 5-HT3 receptor antagonist dolasetron (100 g/rat) itself produced minor antihypersensitivity and also reduced clonidine's effect in SNL rats. The dose of dolasetron was determined from our previous study. 22 In normal rats, intrathecal injection of clonidine (3-30 g/rat) dose-dependently increased withdrawal threshold ( fig. 5B ). Ondansetron (3-30 g/rat) failed to affect withdrawal threshold and clonidine-induced antinociception in normal rats, in contrast to its inhibition of clonidine's effect after SNL.
In the spinal dorsal horn of SNL rats, coperfusion of ondansetron with clonidine significantly increased GABA concentrations in microdialysates compared with ondansetron alone and decreased them compared with clonidine alone ( fig. 6A , P Ͻ 0.05).
Because nicotinic receptors are involved in clonidine-induced spinal GABA release in SNL rats, we lastly examined whether ondansetron affects nicotine-induced GABA presynaptic GABA release. In the spinal dorsal horn synaptosomes from SNL rats, ondansetron (1-10 M) did not affect nicotine-induced GABA release ( fig. 6B ).
Discussion
Descending serotonergic and noradrenergic pathways act on multiple targets to reduce and, in some circumstances, enhance excitation of primary sensory afferents and second-order neurons in the spinal cord. 2 The current study demonstrated, in rats after peripheral nerve injury, that some inhibitory actions of both pathways rely in part on spinal GABA for their behavioral antihypersensitivity effects and that ␣2-adrenoceptors require cholinergic neuronal plasticity following nerve injury to induce GABA release in the spinal dorsal horn. They also predict an adverse, antagonistic effect from ondansetron in patients receiving intrathecal clonidine for analgesia for neuropathic pain.
In both normal and neuropathic pain states, activation of ␣2-adrenoceptors reduces presynaptic release of pronociceptive neurotransmitters including substance P and glutamate from primary afferent and hyperpolarizes spinal neurons via activation of potassium channels subsequent to stimulation of Gi/o-proteins, as key mechanisms of antinociception. 2, 14, 34 In addition to these mechanisms, the current study suggests 
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that ␣2-adrenoceptors also reduce hypersensitivity after nerve injury by increasing GABA release. This is not a direct effect, but requires spinal cord circuits, since it was present in vivo in the microdialysis experiments but not in vitro in studies in isolated synaptosomes. Clonidine-induced GABA release in the spinal cord in vivo relies on acetylcholine release, because it was blocked by mecamylamine. These results are consistent with novel Gs-mediated facilitation of acetylcholine release from ␣2-adrenoceptor stimulation in the spinal dorsal horn after peripheral nerve injury. 7 This novel excitatory action, previously demonstrated in vitro, is extended in the current study in vivo, using microdialysis. Together, these results suggest that stimulation of ␣2-adrenoceptors on cholinergic terminals results in acetylcholine release, which in turn induces GABA release to reduce hypersensitivity after nerve injury. These data further extend our understanding of the ␣2-adrenoceptors and nicotinic and GABA receptors in analgesia. Taken together, they suggest that potency and efficacy of intrathecal clonidine is enhanced in neuropathic states because of novel cholinergic excitation ( fig. 7, top panels) . A limitation of the study design, which compared nerve-injured animals and tissues with normal ones, was that we could not distinguish the effect of surgery and nerve injury compared with normal from the effect of a surgical procedure without nerve injury.
Stimulation of nicotinic receptors in the spinal cord causes presynaptic GABA release and GABA A receptormediated analgesia in both normal and nerve-injured rats, 13, 15, 35, 36 consistent with the current behavioral and neurochemical observations. These results suggest that ␥-aminobutyric acid-mediated, or GABAergic, mechanisms contribute to nicotinic receptor-mediated antihypersensitivity from intrathecal clonidine in SNL rats. In contrast, the GABA B antagonist CGP35348, at a dose which abolished antihypersensitivity from mCPBG, failed to affect antihypersensitivity from clonidine in SNL rats. Be- Role of Spinal GABA on ␣2AR/5-HT3R Analgesia cause both ␣2-adrenoceptors and GABA B receptors are expressed on primary sensory afferents and their stimulation reduces pronociceptive neurotransmitter release, 2,14 activation of ␣2-adrenoceptors by clonidine might mask the effect of CGP35348.
We have previously demonstrated that peripheral nerve injury up-regulates inhibitory M2 muscarinic receptors in primary sensory afferents. 37 Stimulation of M2 muscarinic receptors reduces pain-related behavior following formalin injection in rats, and inhibits heat-or capsaicin-evoked release of calcitonin gene-related peptide from primary sensory neurons. 38, 39 Stimulation of M2, M3, and M4 subtype of muscarinic receptors also results in presynaptic GABA release in the spinal cord and GABA B receptor-mediated analgesia in normal rats or those with diabetic neuropathy. 11, 12, 16, 17 However, the current study in SNL rats demonstrated that atropine enhanced clonidine-induced GABA release in the spinal dorsal horn and muscarine reduced presynaptic GABA release from the synaptosome. Although we did not examine which subtype(s) of muscarinic receptors contribute to the inhibition of GABA release and whether peripheral nerve injury alters the function or expression of muscarinic receptors on GABA neurons in the spinal dorsal horn, these results suggest that muscarinic receptors have an inhibitory role on GABA neurons in the spinal cord after peripheral nerve injury and that GABAergic mechanisms are less likely to contribute to muscarinic receptormediated antihypersensitivity from clonidine after nerve injury.
Stimulation of 5-HT3 receptors in the spinal cord can result in facilitation of pain transmission via increasing substance P release from the primary sensory afferents 40 or inhibition by increasing GABA release. 24, 25 A facilitation of pain from the tonic activity of spinal 5-HT3 receptors has been described in several persistent pain states. As such, intrathecal injection of ondansetron in rats 20, 41 or genetic deletion of 5-HT3 receptors in mice 42 reduced pain-related behavior following the formalin injection into the paw. Single or repeated intrathecal injection of ondansetron reduced mechanical hypersensitivity in rats after spinal cord or peripheral nerve injury. 21, 43, 44 Paradoxically, 5-HT3 receptor agonists also reduce hypersensitivity in the same pain states where endogenous serotonin induces 5-HT3 receptor-mediated facilitation. As such, intrathecal administration of the 5-HT3 agonists resulted in reduction of formalin-evoked behavior in normal rats 45 and GABA receptor-dependent antihypersensitivity in SNL rats. 23 The current study confirmed both facilitatory and inhibitory roles of 5-HT3 receptors in the spinal dorsal horn in SNL rats. For the former, intrathecal injection of 5-HT3 receptor antagonists produced a small but significant antihypersensitivity. For the latter, spinally administered mCPBG increased GABA release in the spinal dorsal horn and produced GABA receptor-dependent antihypersensitivity. The current study also demonstrated that the spinally administered ondansetron reduced spinal GABA release in normal and SNL rats, consistent with a tonic 5-HT3 receptor-dependent enhancement of GABA release. Taken together, these results suggest that stimulation of 5-HT3 receptors results in activation of both facilitatory and inhibitory pathways in the spinal cord and that behavioral consequence of spinal 5-HT3 receptor activation in animals after nerve injury may depend on the balance between these pathways ( fig. 7, lower panels) .
Based on the previously described analgesic effects of clonidine and ondansetron in various pain states, we originally hypothesized that combination of ␣2-adrenoceptor stimulation with blockade of 5-HT3 receptors in the spinal cord should produce additive or synergistic antihypersensitivity in SNL rats. Contrary to this hypothesis, ondansetron partially antagonized rather than enhanced antihypersensitivity from intrathecal clonidine in SNL rats, consistent with a reduction of clonidine-induced GABA release by ondansetron in the spinal cord. This is unlikely because of a direct interaction on ␣2-adrenoceptors by ondansetron because, to our knowl- 
edge, there is no evidence that this drug binds to these receptors. Because ondansetron did not affect nicotine-induced presynaptic GABA release from synaptosomes in SNL rats, this inhibitory effect of ondansetron on GABA release is not likely because of the direct inhibition of nicotinic receptors that mediate GABA release by clonidine. On the other hand, ondansetron did not affect antinociception from intrathecal clonidine in normal rats in which clonidine does not induce spinal GABA release. These results suggest that facilitatory influence of tonic 5-HT3 receptor activity on basal GABA tone in the spinal cord after nerve injury is important for ␣2-adrenoceptor-mediated antihypersensitivity, which relies on spinal GABA release.
In summary, stimulation of ␣2-adrenergic and 5-HT3 receptors results in spinal GABA release and GABA receptormediated antihypersensitivity in rats after peripheral nerve injury, and cholinergic neuroplasticity after nerve injury is critical for the GABA release from ␣2-adrenoceptor activation in the spinal dorsal horn. These results suggest that spinal ␣2-adrenergic and 5-HT3 pathways share a common mechanism to reduce neuropathic pain after nerve injury. The current study also demonstrates that blockade of spinal 5-HT3 receptors reduces ␣2-adrenoceptor-mediated antihypersensitivity in SNL rats via reduction of basal GABA tone in the spinal cord. Because 5-HT3 receptor antagonists are commonly used for the treatment of nausea and vomiting 46 and because orally administered ondansetron crosses the blood-brain barrier, 47 clinical trials in chronic pain patients should be performed to test whether 5-HT3 receptor antagonists affect efficacy of analgesics that rely on spinal ␣2adrenoceptor action, including intrathecal clonidine and oral gabapentin. 48 Fig. 7 . Net effect of ␣2-adrenoceptor and 5-hydroxytryptamine-3 (5-HT3) receptors on nociceptive sensory transmission in the spinal cord of normal (left) and nerve injured (right) animals. The colored bar indicates the effect of each step in the proposed circuit of these neurotransmitters, with green depicting increased nociceptive neurotransmission and red depicting reduced nociceptive neurotransmission. Both norepinephrine and serotonin are released from pathways that descend to the spinal cord, and act on many receptor subtypes. Regarding ␣2-adrenoceptors, norepinephrine release is minimal in the normal condition, and its net effect is slight inhibition, because of actions on primary afferent endings and projection neurons (upper left panel). This effect is only mildly counterbalanced by inhibition of acetylcholine release, which would drive ␥-aminobenzoic acid release and direct inhibition of ␥-aminobenzoic acid release. After nerve injury, norepinephrine release increases and the effect of ␣2-adrenoceptors on acetylcholine shifts from inhibition to excitation and the expression of inhibitory ␣2-adrenoceptors on afferents and projection neurons increases (highlighted in yellow), resulting in strong inhibition (upper right panel). Regarding 5-HT3 receptors, serotonin release is minimal in the normal condition, and its net effect is slight inhibition, because of direct stimulation of ␥-aminobenzoic acid release (lower left panel). After nerve injury, serotonin release increases and the effect of 5-HT3 receptors results in enhanced nociception neurotransmission, because of increased excitatory signaling on afferents and projection neurons (highlighted in yellow, lower right panel). Ach ϭ acetylcholine; GABA ϭ ␥-aminobenzoic acid.
Role of Spinal GABA on ␣2AR/5-HT3R Analgesia
